The paper resents the results of the research into the processes of extraction of liquid radioactive waste of low and intermediate activity levels from storage and their hardening into inorganic binders (cementation process)
Introduction
The importance of the work is determined by the need to develop a new effective and high technology to manage spent nuclear fuel including the deletion of a harmful effect on the environment in conditions of the long-term storage.
In accordance with the International Convention on the Safety of Radioactive Waste Management, the effective means of the protection of individuals, society in general and the environment from the harmful effect of radionuclides and ionizing radiation should be provided both now and in future [1, 4, 6, 13, 14, 16, 18] . Although the amount of radioactive wastes compared to other anthropogenic waste is negligible (approximately 0.5 % of all industrial waste), their specificity requires the improvement and development of new management technologies and the use of special methods to ensure safety for man and the biosphere. From the standpoint of the long-term safety, the most important stage of radioactive waste management is their long-term storage and disposal.
Russia has created its own legal and institutional system of support and regulation of nuclear and radiation safety [4, 13, 17, 19] . A brief review of the methods of radioactive waste management is given in [20] .
Currently the most widely used hardening process of liquid radioactive waste of low and intermediate activity levels is the inclusion of liquid radioactive waste (LRW) in inorganic binders (cementation process). The resulting cementing product has a number of advantages: high mechanical strength, it is not flammable, radioationally and chemically resistant, low external radiation of cementitious materials due to high density.
Increased security requirements of storage of the waste derived from the reprocessing of spent nuclear fuel (SNF) lead to the need for fundamentally different scientific technologies, in particular, the effects of cavitation technology that is quite easily feasible, energy-efficient, and in some cases having no alternative.
A physical model of cavitation hydrothermodynamic effect can be represented by two main mechanisms: the transmission of shock waves near the collapsing cavitation microbubbles and the impact of cumulative microjets with their asymmetric collapse. In this case the field of high temperatures (up to 15,000 ° C) and pressures (up to 10,000 atm.) are realized. The speed of cumulative jets can rise up to 500 m/s. The phenomenon is accompanied by intensive turbulent micro mixing and mechanothermolysis of water with the generation of Н 2 , O 2 , H 2 O 2 and free hydrogen bonds and some more. Thus, the local area near a collapsing cavitation microbubble is a unique reactor for various reactions and technological processes carried out under normal ambient physical conditions [2, 3, 5] .
There are several forms and layers of waste, which are heterogeneous in all the phases of the technological process, wherein there are three major forms [10] :
liquid which consists of water, dissolved salts and other chemicals and is located above dense layers, or between them, sometimes immersing in salt precipitate; salt precipitate that is crystallized salt waste generated over the sludge, which is mainly watersoluble; sludge (pulp) is a dense water-insoluble component, which is deposited on the bottom of the tank forming a thick layer of variable consistency.
At present, the enterprises of the nuclear energy cycle around the world are having trouble processing high-level waste accumulated over the past half century. Experience has shown that the long-term storage of active liquid waste leads to the accumulation of solid sludge or pulp. This form of waste is the most difficult in terms of recycling and disposal, which determines the need to address a number of technological challenges, including: evaluation of the effect of temperature on the kinetics of physical and chemical processes in hardening cement mass and ultimately on the quality of obtained concrete; determination of the effect of physical and chemical properties of cavitationally treated water on the quality of cement compound.
Numerical study of the temperature field in a standard 200-liter barrel container for spent nuclear fuel storage
Let us consider the results of the studies of the temperature field in a standard 200-liter barrel for the three different processes: cooling of water and cement compound, heat release of radioactive decay of radionuclides in cement compound, cement compound hardening.
The objective of this thermal calculation is to determine the temperature field in a barrel of cement compound in the process of its hardening and subsequent storage. These processes can be described on the basis of the following reasons: first, the process of cement compound hardening in a barrel in the present time slot is a disequilibrium process from the viewpoint of heat transfer, since the temperature field in it continuously varies over time due to heat generation during the reaction of cement harden-ing. Secondly, the process of heat exchange with the environment is transient due to the continuous temperature change of heat transfer surface. Thirdly, the process of the heat transfer of a barrel with the environment during the prolonged keeping of the barrel in storage is steady due to the release of heat during the radioactive decay of radionuclides contained in the cement compound.
For calculation of the coefficient of heat transfer from the wall to the environment we used a criterial equation describing heat transfer in free convection conditions [15] : where Nu is Nu.sselt number; Gr is Grashof criterion; Pr is Prandtl number.
The material in the barrel is water or cement compound, the environment is air. The calculation of the equation (1) gives the values of α = 6-7 W/m2·K for differences in the wall and environment temperatures from 5 to 50 degrees, which makes it constant throughout the entire process of the heat exchange of the barrel with the environment. There is a cylinder of R radius and H = 2l height, the temperature of which is T 0 . At the initial time it is placed in the environment with constant temperature T c > T 0 . The task is to find the temperature distribution at any time provided there is a symmetrical task according to Fig. 1 .
The heat conduction equation is transformed into: 
where r, z, τ are cylindrical coordinates. The initial and boundary conditions are: The solution of this equation has the form of
The solution of this equation has the form of (8) where A n , 1 , A m,2 are constant coefficients determined by the formulas:
where μ n , 1 , μ m , 2 are the roots of the corresponding characteristic equations; J 0 is the Bessel function of zero order; B i1 , B i2 are Biot criteria equal to αl/λ and αR/λ, respectively.
There are no ready mathematical solutions of the heat conduction equation,
where A n , 1 , A m,2 are constant coefficients determined by the formulas:
characteristics. Based on the temperature profiles in the various sections of the barrel shown in Figure 1 a There are no ready mathematical solutions of the heat conduction equation, taking into account the conditions of cement compound hardening in a barrel in the literature. The offered mathematical model, which allows calculating the temperature distribution in a tank of a cylindrical shape when cement compound hardens in it, takes into account the kinetics of heat generation processes, the redistribution of heat due to heat conduction and radiation heat loss.
The equation for the temperature in this computing experiment is as follows:
literature. The offered mathematical model, which allows calculating the temperature distribution in a tank of a cylindrical shape when cement compound hardens in it, takes into account the kinetics of heat generation processes, the redistribution of heat due to heat conduction and radiation heat loss.
where S denotes the heat capacity of the calorimeter, α denotes the heat transfer coefficient, and T 0 denotes the external temperature. The value J describes the intensity of heat generation. For the same type of exothermic reactions, the heat transfer equation is closed with a kinetic equation of the following form
where C is the number of substances capable of reacting, and Q is the amount of heat generated by the introduction into the reaction of one unit C. The intensity J/Q, at which the reaction occurs, depends on the amount of the potential reactant and temperature.
where S denotes the heat capacity of the calorimeter, α denotes the heat transfer coefficient, and T 0 denotes the external temperature. The value J describes the intensity of heat generation. For the same type of exothermic reactions, the heat transfer equation is closed with a kinetic equation of the following form literature. The offered mathematical model, which allows calculating the temperature distribution in a tank of a cylindrical shape when cement compound hardens in it, takes into account the kinetics of heat generation processes, the redistribution of heat due to heat conduction and radiation heat loss.
To complete the mathematical formulation of the task, the heat intensity J (C, T) in the equations (10) and (11) as a function of C and T, is given in the form of a kinetic equation describing the cumulative reaction of cement compound hardening:
where C 0 is initial cement content in the system, and n, β and γ are free parameters to be chosen so that the theoretical (numerical) solution T(t) of the system of equations (10) and (11) with the corresponding initial conditions as much as possible coincides with the temperature versus time measured in the experiment.
The system of equations for the processes of the redistribution of heat in cylindrical coordinates can be written as [15] :
where λ is thermal conductivity, variable C and heat capacity c ν here refer to unit volume, and J again requires a formula (12) . Without enduring thermal conductivity out of the signs of partial derivatives, we create an opportunity to consider the physical coefficients of the system to be variables according to the spatial coordinates: separate ones for cement compound, for steel walls of the barrel and for the air under the cover.
As it has been previously defined, the steel surface of the barrel presents the boundary conditions of the 3rd kind, namely,
where T 0 is the ambient temperature, α is the coefficient of steel heat transfer into the air.
Comparing the course of cooling water and cement compound, we can
Comparing the course of cooling water and cement compound, we can conclude that both processes are described by the same degree dependences, but (14) where T 0 is the ambient temperature, α is the coefficient of steel heat transfer into the air.
Comparing the course of cooling water and cement compound, we can conclude that both processes are described by the same degree dependences, but cement compound cools much faster water due to the difference in thermal characteristics. Based on the temperature profiles in the various sections of the barrel shown in Fig. 1 a and b , the cooling process is characterized by substantial temperature gradients between the central points and points on the surface of the heat removal, and the thermal characteristics of the barrel content limit the process of heat removal.
Based on the results presented in Fig. 2 , it can be stated that the internal volume of the barrel heats up to the temperatures of 70 °C or more, which in practice was noted earlier. Overheating of 
Research Methods and Experimental Technique
In accordance with the program of experimental work on the selection of the composition of cement compound and cementation technological conditions to prepare the cement compound we used: -water from PPR fiber (technical) and water after cavitation impact (Table 1) ;
-insoluble sludge of hydroxide pulp.
The composition of the cement slurry was adjusted after a test batch using binding components got for test operations and determination of the spreadability of cement mortar. To determine the spreadability of the cement compound we used Viscometer Suttarda (VS) according to GOST 23789-79 "Binding Gypsum. Testing methods".
When preparing the samples we used the following scheme of component mixing: clinoptilolite with hydroxide pulp was loaded into plastic cups in a predetermined ratio and was mixed. After 15 minutes, we added a calculated amount of cement and water, and thoroughly stirred the mixture. The resulting mixture was placed into the molds specially made of PTFE to form samples with a diameter and a height of 20 mm. By lightly tapping the mold body for several minutes, the mixture was compacted and the air was removed therefrom. Thereafter the molds with the samples were placed for 24 hours in a normal hardening chamber, provided relative air humidity of 95 ± 5 % at a temperature of 20-30 °C. After one day, the samples were removed from the molds and placed back into the normal hardening chamber for 28 days. After aging the samples were tested for mechanical strength, resistance to water and frost. To ensure comparability and reliability of the results, the characteristics of the samples were determined according to the three experiments. The auxiliary and measuring equipment made it possible to study the effect of hydrodynamic cavitation on the following parameters of water condition: temperature; dissolved oxygen concentration (DOC); pH; electrical conductivity; oxidation-reduction potential (ORP), and others. The experimental results of the changes of these characteristics of distilled water after cavitation treatment with a constant number of cavitation χ = 0.05 and the methods of the regression analysis allowed setting the rational duration of the cavitation treatment.
ORP dependence on the time of cavitation effect is exponential: and with a value of 150 seconds reaches a plateau that allows selecting the area of the most intense change of ORP -30-90 sec.
When there is a cavitation effect on water during this time, ORP is reduced by 43 %, whereas the maximum decrease of ORP is 47 %. It means the rate of change of ORP during the cavitation effect in the range of 30-90 sec. is almost three times greater than the rate of change of ORP when the effect is in the range of 90-300 sec.
The use of cavitation technology to extract the pulp from the storage of spent nuclear fuel
The studies were conducted using several samples of partially soluble hydroalumosilicate solid phase [7] . In order to treat the pulp at an elevated temperature we used a thermostat that allows maintaining the desired temperature of the working mixture with an error of not more than 3 °C. The work solutions were prepared from the chemicals of such marks as "Ch" ("Ч") and "Kh.Ch" ("Х.Ч."). The measurement of the volume of the solid and liquid phases was carried out after settling suspensions within 24 hours. In the cases when the liquid phase was not clarified for the period, settling time was increased or the solution was filtered through a paper filter named "blue ribbon". The selection of the liquid phase for an analysis was carried out by decantation.
The experimental results (Table 2) showed that the yield of pulp components in the solution according to the conventional technology (Experiment 1) reaches 35,6 for Al, 34,39 % for SiO 2 , whereas with the use of cavitationally treated water (Experiment 2) the values were 56.03 % and 60.72 % respectively.
These experiments suggest that the use of the cavitation technology for erosion and dissolution of the solid phase of model pulp can improve the efficiency of processing of highly radioactive waste and releasing of containers from accumulated sludge for their storage without increasing concentrations of chemicals and temperature increase, which in turn reduces the corrosion load [7, 8, 15] .
In the course of the works the time (for various conditions it is in the range from 100 to 500 hours or more) and the degree of relaxation of the modified properties of water were determined, which allows using such water as a carrier phase for the preparation of solutions in the processing of the main components of the pulp of SNF. We defined the connections between the transformation of sparingly soluble deposits and time, speed and the values of the cavitation of water and aqueous solutions treatment. 
The results of the experimental studies on the use of cavitation technology for making cement compound
For the experimental verification of the theoretical calculations for different models we created a plant for the direct measurement of the temperature field in a barrel, and on the surface of its heat exchange with the environment. In order to measure the temperature we used two types of sensors:
chromel-copel thermocouples (TC), and platinum resistance thermometers (RT). Fig. 3 and 4 show the circuit of the arrangement and photographs of two types of sensor units. In order to measure the sensor signals we used standard analog-to-digital converters with an output to a computer. The software of these converters enables to record the measurement results in a convenient form for subsequent processing. To evaluate the thermal characteristics of the barrel, the experiments on the measurement of the temperature field in a barrel in the process of cooling water heated in it up to 90 ° C were carried out by means of a pilot plant.
In this paper, we conducted a series of experiments to determine the effect of cavitation on the physicochemical properties of water subject to a maximum cavitation effect, i.e., at the minimum cavitation. Fig. 6 shows the results of the experimental measurements of the temperatures during cement compound hardening for the three points: at the hottest point inside the barrel TC3 (see Fig.   3 ), at a peripheral point TC6 and on the side surface of the barrel at a point RT3 at different values of water-binder ratio. For all these points we present the theoretical dependences.
The greatest agreement between the calculation and the experiment ( that is 40°. Obviously, the model does not take into account the peculiarities of the process of cement compound hardening at the temperature close to the boiling point of water. At the same time, the in a convenient form for subsequent processing. To evaluate the thermal characteristics of the barrel, the experiments on the measurement of the temperature field in a barrel in the process of cooling water heated in it up to 90 ° C were carried out by means of a pilot plant. The mechanical strength of the samples was determined by the branch instruction "Cement compounds on the basis of radioactive waste". The results of mechanical experiments are presented in Table 3 , the freezing tests are in Table 4 , the measurements of cesium-137 leach rate are in Table 5 .
The results of the measurements of cesium-137 leach rate (using the cavitation technology, Table 5 ) indicates that it does not exceed the values of the standard rules adopted by the nuclear industry.
Increasing the specific surface area of cement directly in aqueous medium using cavitation dispersing allows better using its potential properties and increasing the degree of hydration and the Table 3 , the freezing tests are in Table 4 , the measurements of cesium-137 leach rate are in Table 5 .
The results of the measurements of cesium-137 leach rate (using the cavitation technology, Table 5 ) indicates that it does not exceed the values of the standard rules adopted by the nuclear industry. Note: W/C -water-cement ratio; W/B -water-binder ratio Note: W/C -water-cement ratio; W/B -water-binder ratio W/B = W/(C + K-factor) K-factor is determined by the introduction of a thin core on the relevant regulatory documents. surface energy of particles. By destroying a soft primary aluminate coarse structure it is possible to obtain a fine-grained structure of cement paste, the strength of which increases by 2-3 times (Fig. 6 ) as compared with preparing the solution in a conventional mixer.
The "needle" structure of cement paste is formed during the treatment of laitance. It changes the course of the crystal-chemical reaction of hardening concrete, and plays the role of centers of directional solidification, which leads on the one hand, to the emergence of the fibrillary structure of cement paste, and on the other, to the emergence of hardening structural-oriented supramolecular structure.
Conclusions
The main result of the research is the ability to use the cavitation technology for waste management of the nuclear fuel cycle effectively in order to protect the environment from radioactive contamination, including: 2. The average heat transfer coefficient is experimentally determined for the entire cooling surface of the barrel container for storing the cement compound that was found to be 9.86 watts / m 2 xK, which is almost twice as big as the value calculated using the well-known criterion equation; 5. The data obtained in compounding of spent nuclear fuel support the results of the works [11, 12] being their logical continuation. Thus, we obtained an overall confirmation of a significant effect of cavitation activated water on the characteristics of cement compound during its preparation. Using cavitation technology effects is expedient in case of radiochemical production waste treatment. It also increases the strength of cement compound and improves its characteristics: freeze resistance and the rate of radionuclide leaching from cement matrix. The latter characteristic is one of the main factors determining the reliability of the long-term storage and disposal of radioactive waste.
